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Abstract: High-frequency soft magnetic ferrite ceramics are desired in miniaturized and efficient
power electronics but remain extremely challenging to deploy on account of the power loss (Pcv) at
megahertz frequencies. Here, we prepared NiCuZn ferrite with superior high-frequency properties by
V2O5 and Bi2O3 synergistic doping, which proves to be a potent pathway to reduce Pcv of the ferrite at
megahertz frequencies. The sample doped with 800 ppm V2O5 and 800 ppm Bi2O3 yielded the most
optimized magnetic properties with a Pcv of 113 kW/m3 (10 MHz, 5 mT, 25 ℃), an initial
permeability (μi) of 89, and a saturation induction (Bs) of 340 mT, which is at the forefront of the
reported results. These outstanding properties are closely related to the notable grain boundary
structure, which features a new type of nano-Bi2Fe4O9 phase around ferrite grains and a Ca/Si/V/O
amorphous layer. Our results indicate great strides in correlating the grain boundary structure with
multiple-ion doping and set the scene for the developing high-frequency soft magnet ferrites.
Keywords: NiCuZn ferrite; megahertz application; grain boundary; Bi2Fe4O9; ion doping

1

Introduction

Soft magnetic materials play a key role in the energy
conversion process of power electronics, such as
generators, motors, and power sources, and these
materials are required in new energy vehicles, 5G
communications, and intelligent power grids [1–3].
The advent of wide band gap (WBG) semiconductors
* Corresponding authors.
E-mail: G. Bai, jason_bai@live.com;
M. Yan, mse_yanmi@zju.edu.cn

has triggered an interest of high-frequency (MHz) soft
magnetic materials to achieve miniaturized and efficient
power electronics [4–7]. To date, the primary hindrance
for the practical deployment of WBG-based power
electronics is the dramatically deteriorating power loss
(Pcv) of soft magnetic materials at high frequencies
[8,9], which is mainly composed of eddy-current loss
and residual loss [10–12].
Soft magnetic ferrite ceramics can provide the desired
electrical resistivity, which is several orders of magnitude
higher than that of the metallic magnetic materials. The
high intrinsic resistivity minimizes high-frequency
eddy-current loss, making soft magnetic ferrite the
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most promising candidate for high-frequency applications
[13,14]. The residual loss that originates from magnetic
domain-wall resonance is bound up with microstructure,
especially grain size, since the domain structure in a
single crystalline grain could transform from a
multidomain regime to a monodomain regime with a
reduced grain size [15–17]. Meanwhile, further
suppression of eddy-current loss could be achieved by
refining the grain structure [18,19].
Several approaches have been applied to improve
the microstructure and magnetic properties of ferrite
ceramics: (1) Optimization of sintering techniques
[20–23]. Feasible sintering techniques, such as two-step
sintering and microwave sintering, have been developed
and proven to be effective for the refinement of ferrite
microstructures [24–26]. (2) Doping of trace elements
[27–33]. Most doping elements can exert an influence
on the sintering dynamics of ceramics, especially V2O5
and Bi2O3, which have low melting temperatures and
are conventionally added to promote liquid phase
sintering [34–36] and improve the density and saturation
induction (Bs) of ferrites to some degree. Other typical
examples include CaO, SiO2, and Co2O3, with the
doping of the first two oxides, leading to the
improvement of resistivity and eddy-current loss by
forming a high resistive amorphous phase in the grain
boundary [37,38] and doping of the last oxide, improving
the frequency and temperature dependence of ferrites
due to its large magnetocrystalline anisotropy [39,40].
Through numerous trial-and-error experiments based
on the above perception, the operating frequency of
ferrite has been elevated to 3–5 MHz [15,38,41,42],
and passable performances of WBG-based power
electronics have been obtained phenomenologically
[4,5]. However, previous studies have concentrated
more on grain size modifications and improvements of
intrinsic magnetic properties, and the underlying
synergistic mechanism of multiple-ion doping and the
evolution of grain boundaries are seldom discussed,
which are the basis for exploiting high-performance
soft magnetic ferrites in the long term.
Among soft magnetic ferrites, NiCuZn ferrites have
better electromagnetic properties, including high
permeability, high resistivity, and good phase stability
at high temperatures. However, recent studies have
concentrated more on its microwave absorption properties,
direct current–bias-superposition usages, and low
temperature co-fired ceramic (LTCC) applications
[43–45]. Few studies have reported on the power

electronic applications of NiCuZn ferrites. In this work,
the synergistic effect of V2O5 and Bi2O3 on the grain
boundary structure of NiCuZn ferrite ceramics was
investigated systematically. By varying the ratio of
V2O5 and Bi2O3, a Pcv of 113 kW/m3 (10 MHz, 5 mT,
25 ℃), an initial permeability μi of 89, and a Bs of
340 mT were achieved, which is at the forefront of the
reported results. These remarkable performances are
attributed to the notable grain boundary structure
featured by Bi2Fe4O9 and the Ca/Si/V/O amorphous
layer. Our results make great strides in correlating the
grain boundary structure with multiple-ion doping and
set the scene for developing high-frequency soft
magnetic ferrites.

2

Experimental

NiCuZn ferrites with a chemical composition of
Ni0.520Cu0.1Zn0.4Fe1.984O4 were fabricated by a solid-state
reaction. Stoichiometric amounts of NiO, CuO, ZnO,
and Fe2O3 were mixed with deionized water and
planetary-milled by steel balls for 1 h. The slurries
were dried off and calcined at 900 ℃ for 2 h. The
presintered powders were doped with 1000 ppm of CaO,
600 ppm of SiO2, 2000 ppm of Co2O3, 0–1600 ppm of
Bi2O3, and 0–1600 ppm of V2O5, then milled for 4 h,
and dried again (the sample description is shown in
Table 1). The dried powders were granulated by
15 wt% polyvinyl acetate (PVA) binder and moulded
into toroid samples with an inner diameter of 4 mm
and an outer diameter of 10 mm. The green compacts
were then sintered at 1050 ℃ for 3 h in a muffle
furnace.
The fracture surfaces of the sintered samples were
studied by the scanning electron microscope (SEM;
Hitachi S-3400). The microstructures and magnetic
domain structures were characterized by the transmission
electron microscope (TEM; FEI Talos-200X, JEM-2100F).
Table 1

Samples with different amounts of dopants
Dopant amount (ppm)

Sample
designation

V2O5

Bi2O3

CaO

SiO2

Co2O3

V0Bi16

0

1600

1000

600

2000

V4Bi12

400

1200

1000

600

2000

V8Bi8

800

800

1000

600

2000

V12Bi4

1200

400

1000

600

2000

V16Bi0

1600

0

1000

600

2000
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The elemental distribution was characterized by a
high-angle annular dark-field (HAADF) detector and a
energy dispersive X-ray (EDX) detector. The density
was measured by the Archimedes method. The saturation
magnetization was measured by a superconducting
quantum interference device (SQUID Quantum Design
MPMS-XL-5). μi and room-temperature Pcv (from 1 to
10 MHz, 5 mT) were measured by a B–H Analyser
(IWATSU SY8218).

3

Results and discussion

Figure 1 shows the preliminary experimental results
designed to determine the optimal amount of V2O5 and
Bi2O3 when doping separately and simultaneously. In
Fig. 1(a), μi increases monotonically with Bi2O3 addition,
while it shows a slight decrease with 1600 ppm addition
in the case of V2O5 doped and V2O5–Bi2O3 co-doped,
samples. Figure 1(b) shows that Pcv at 10 MHz varies
non-monotonically with V2O5 doping, Bi2O3 doping,
and V2O5–Bi2O3 co-doping. It is obvious that the
high-frequency Pcv of NiCuZn ferrites can be improved
with the V2 O5 and Bi2O3 addition (either doping
separately and simultaneously). Specifically, the
minimum value of 113 kW/m3 is obtained in the
sample co-doped with 800 ppm V2O5 and 800 ppm
Bi2O3, while the value is 143 kW/m3 for V2O5 doping
(with 2000 ppm addition) and 174 kW/m3 for Bi2O3
doping (with 1200 ppm addition). In Figs. S1–S3 in the
Electronic Supplementary Material (ESM), we also
demonstrate that the optimal performance is obtained
with a V2O5:Bi2O3 ratio of 1:1 and a total amount of
1600 ppm. From the preliminary results illustrated in
Fig. 1, it is clear that codoping V2O5 and Bi2O3 is

instrumental in ameliorating the high-frequency
properties of NiCuZn ferrite ceramics.
V2O5 and Bi2O3 are conventional additives used in
the sintering process of ferrite because of their promotion
of low-temperature sintering and densification by
forming a liquid phase (the melting points for V2O5
and Bi2O3 are 690 and 825 ℃, respectively). However,
V2O5 and Bi2O3 have traditionally been doped separately
in Refs. [34–36]. To reveal the synergistic effect of
V2O5 and Bi2O3 co-doping on NiCuZn ferrites, the
total co-doping amount of V2O5 and Bi2O3 is set to
1600 ppm with the ratio of V2O5 to Bi2O3 varied from
0:1600 to 1600:0 (the samples are named V0Bi16,
V4Bi12, V8Bi8, V12Bi4, and V16Bi0). The morphology
evolution with different V2O5:Bi2O3 ratios is shown in
Figs. 2(a)–2(e). All samples present small grain sizes,
whereas the distribution of grain sizes obviously
depends on the V2O5:Bi2O3 ratio. As shown in Fig. 2(f),
the sample co-doped with 800 ppm V2O5 and 800 ppm
Bi2O3 (V8Bi8) presents the most uniform microstructure
with an average grain size of 1.11±0.26 μm.
TEM characterization was conducted to reveal the
origin of the uniform microstructure of the sample
V8Bi8. In Fig. 3(a), RI, RII, and RIII correspond to the
triple junction grain boundary area and two typical
grain boundaries between two neighbouring grains.
From the HAADF image (Fig. 3(b)) and the elemental
distribution mappings (Figs. 3(c)–3(h)), the enrichment
of Ca/Si/V/Bi at the triple junction area (RI) can be
identified. However, Ca/Si/V/Bi is distributed
heterogeneously at the triple junction area, with Ca/Si/V
existing as the grain boundary phase and Bi emerging
at the interface between the ferrite grain and Ca/Si/V
phase. The precipitation of the Bi-rich interfacial layer
is in accordance with the HAADF result (Fig. 3(b)). In

Fig. 1 Variation of magnetic properties with V2O5 and Bi2O3 addition: (a) μi and (b) Pcv.
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Fig. 2 Morphology evolution with different V2O5:Bi2O3 ratios: (a) V0Bi16, (b) V4Bi12, (c) V8Bi8, (d) V12Bi4, (e) V16Bi0,
and (f) grain size distribution.

Fig. 3 TEM characterization of the triple junction area RI of the sample V8Bi8: (a) TEM image, (b) corresponding HAADF
result, (c–h) elemental distributions, and (i–l) SAED patterns.

Fig. 3(i), RI-1, RI-2, and RI-3 define the different
positions in RI, with RI-1 denoting the matrix grain area,
RI-2 denoting the interfacial area, and RI-3 denoting
the triple junction grain boundary phase. Figure 3(j)
illustrates the selected area electron diffraction (SAED)

pattern of the matrix grain (RI-1), confirming the
spinel structure of the ferrite grain (a = b = c = 8.399 Å,
α = β = γ = 90°). The SAED pattern of the interfacial
region RI-2 (Fig. 3(k)) reveals the diffraction of two
extra planes, with d-spacings of 0.2996 and 0.4220 nm,
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which are attributed to the [002] and [020] planes of
orthorhombic Bi2Fe4O9 (a = 7.965 Å, b = 8.44 Å, c =
5.994 Å, α = β = γ = 90°), respectively. Thus, the
Bi-rich interfacial layer is confirmed to be Bi2Fe4O9.
In contrast, the amorphous nature of the Ca/Si/V grain
boundary phase is also illustrated by the diffraction
halo ring in the SAED pattern for region RI-3
(Fig. 3(l)).
Figures 4 and 5 illustrate two typical grain boundary
structures of RII and RIII in Fig. 3(a), respectively. In
Figs. 4(a) and 4(b), a crystallized grain boundary phase
GB1 in RII is observed with an interplanar spacing of
0.2325 nm, which is in accordance with the [311] plane
of the Bi2Fe4O9 phase [46,47]. The HAADF image in
Fig. 4(c) and elemental distribution illustrated by Figs.
4(d)–4(i) reveal the continuous aggregation of Bi and
Fe, the deficiency of Ni, and the non-preferential
distribution of V/Ca/Si along the grain boundary.
Figures 5(a) and 5(b) illustrate the multilayer structure
of grain boundary phase GB2 in RIII. Using the line

scan of the scanning transmission electron microscope
(STEM)–EDX in Figs. 5(c) and 5(d), the multilayer
structure can be further clarified as a Ca/Si/V amorphous
layer in the centre and a Bi-rich interfacial layer. The
above results indicate that the coexistence of the
Bi2Fe4O9 phase and Ca/Si/V amorphous grain boundary
phase is ubiquitous in the sample co-doped with 800 ppm
V2O5 and 800 ppm Bi2O3 (V8Bi8).
Figure 6 shows the distinctive grain boundary structure
when Bi2O3 and V2O5 are doped separately. For the
sample doped with 1600 ppm Bi2O3 (V0Bi16, in Figs.
6(a)–6(c)), the Ca/Si amorphous phase is separated by
sporadic Bi2Fe4O9 at the grain boundary. However, in
the sample doped with 1600 ppm of V2O5 (V16Bi0, in
Figs. 6(d)–6(f)), only a continuous Ca/Si/V/O amorphous
phase can be identified (the EDX mapping result of RV
in Fig. 6 is provided in Fig. S4 in the ESM).
The most uniform microstructure obtained in the
sample V8Bi8 can be understood with the help of Fig. 7.
Based on the phase diagram of Fe2O3 and Bi2O3 [39],

Fig. 4 TEM characterization of grain boundary phase GB1 in RII of the sample V8Bi8: (a) high-resolution transmission
electronic microscopy (HRTEM) image for RII, (b) HRTEM image for GB1, (c) HAADF image, and (d–i) elemental distribution
mappings of Ni, Fe, V, Bi, Ca, and Si.
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Fig. 5 TEM characterization of grain boundary phase GB2 in RIII of the sample V8Bi8: (a) TEM image for RIII, (b) HRTEM
image for GB2, and (c) HAADF and (d) line scan for GB2.

Fig. 6 (a) TEM image for V0Bi16, (b, c) HRTEM images for the grain boundary RIV in the sample of V0Bi16; (d) TEM
image for V16Bi0, and (e, f) HRTEM images for the grain boundary RV in the sample of V16Bi0.

Fig. 7 Schematic illustration of the microstructure
evolution of the V8Bi8 sample: (a, b) appearance of the
liquid phase in the heating stage, (c, d) liquid phase
sintering stage, and (e, f) the generation of a multilayer
grain boundary structure in the cooling stage.

three compounds, Bi2Fe4O9, BiFeO3, and Bi40Fe2O63,
could exist at temperatures of 960, 930, and 730 ℃,
respectively, with the formation of the latter two
compounds consuming more Bi2O3. Since the quantity
of Bi2O3 was far less than that of Fe2O3 in NiCuZn
ferrite, the final phase was retained as Bi2Fe4O9 instead
of BiFeO3 or Bi40Fe2O35. CaO and SiO2 are traditional
dopants that introduce amorphous silicate along grain
boundaries and improve the electrical resistivity of
ferrite [15,29,37]. V2O5 melts first during the heating-up
process due to its lowest melting temperature (690 ℃).
Liquid V2O5 could dissolve CaO and SiO2 and reduce
the viscosity of the grain boundary phase, which would
promote the sintering process and turn into an amorphous
grain boundary phase [48,49]. For the sample V8Bi8,
V2O5 and Bi2O3 first melt into the liquid phase and
dissolve CaO and SiO2 in the heating stage. The reaction
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2Fe2O3 + Bi2O3 = Bi2Fe4O9 proceeds at approximately
960 ℃, leading to the formation of a continuously
distributed Bi2Fe4O9 layer along the grain boundary.
The melting point of Bi2Fe4O9 is much higher than the
sintering temperature [50,51], effectively preventing
abnormal grain growth. Meanwhile, the Ca/Si/V liquid
phase still exists in the sintering stage, promotes the
densification of ferrite, and solidifies as a continuous
amorphous layer in the cooling-down stage. For the
sample V0Bi16, the Ca/Si liquid phase presents high
viscosity in the absence of V2O5, which leads to
insufficient densification and extra pores during
sintering. For the sample V16Bi0, the lack of Bi2Fe4O9
results in a less uniform grain size distribution [52,53].
Figure 8(a) shows the variation in density and
saturation magnetization with different V2O5:Bi2O3
ratios. With the V2O5:Bi2O3 ratio increasing, the density
reaches its peak value of 4.82 g/cm3 for the sample
V8Bi8 and then descends slowly. Similarly, the saturation
induction increases to its maximum of 344 mT and
then apparently drops. It should be mentioned that the
optimal value for the saturation magnetization is
obtained in the sample V4Bi12 instead of V8Bi8.
Recent research [54] has shown that nanoscale Bi2Fe4O9
appears to be ferromagnetic in the temperature range
of 10–310 K. The larger Bs of V4Bi12 compared with
V0Bi16 can be ascribed to the denser structure induced
by V2O5 and Bi2O3 co-doping, even though the
ferromagnetic nature of the grain boundary phase may
be diluted with extra V2O5 addition. In the case of the
sample V8Bi8, the deterioration of Bs was caused by
the magnetic diluting effect, which may be ascribed to
the presence of a paramagnetic amorphous phase with
the V2O5 addition [13,51,55,56]. Figure 8(b) reveals that

μi increases to the maximum value of 89 (V8Bi8) and
then decreases obviously with a larger V2O5:Bi2O3
ratio. The realization of high μi requires a microstructure
with high density, uniform grain size, and less extra
internal stress to promote free domain-wall displacement
and domain rotation along the external magnetic field
[57,58]. Therefore, it can be concluded that codoping
V2O5 and Bi2O3 can increase μi. On the one hand, the
slight increase in density indicates the reduction of
pores compared with the single doping of 1600 ppm
V2O5 or Bi2O3, and the grain size refinement gained by
co-doping leads to the absence of abnormal grain growth
and extremely tiny grains. On the other hand, the Bi2Fe4O9
phase possesses high rigidity as a ceramic material, which
would introduce more stress in the sintering process
and pin the migration of the grain boundary. The growth
stress is efficiently released in the co-doped sample by
forming a liquid glass phase at high temperatures.
Figure 9(a) shows the variation in Pcv with frequency
(f, measured at 5 mT) for the samples with different
V2O5:Bi2O3 ratios. Pcv decreases to the minimum value
of 113 kW/m3 (V8Bi8) and then deteriorates with the
increase in the V2O5:Bi2O3 ratio. In Fig. 9(b), Wijn’s
model is used to separate the total power loss into
hysteresis loss (Ph), eddy current loss (Pe), and residual
loss (Pr) [59]. Ph is inversely proportional to the cube
of μi [60]. Since μi reaches the maximum value when
doped with 800 ppm V2O5 and 800 ppm Bi2O3, Ph also
attains its optimal value unsurprisingly. Pe is proportional
to the square of the grain size and inversely proportional
to the electrical resistivity [18,19]. Now that all the
samples possess a small grain size of approximately
1 μm, the variation in Pe can be ascribed to the fluctuating
electrical resistivity. The continuous distribution of

Fig. 8 Variation in magnetic properties with different ratios of V2O5 and Bi2O3 addition: (a) Bs and density and (b) μi (the insets
are V0Bi16, V8Bi8, and V16Bi0).
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Fig. 9 (a) (Pcv/f)–f curves and (b) Pcv separation with different V2O5:Bi2O3 ratios (the insets are V0Bi16, V8Bi8, and V16Bi0).

Bi2Fe4O9 and the Ca/Si/V amorphous phase along the
grain boundary contribute to the highest electrical
resistivity of the sample codoped with V2O5 and Bi2O3
[15,18,51]. Pr originating from the domain wall
resonance is usually considered to be the dominant Pcv
[10]. In our experiment, however, Pr is proven to be
negligible since the grain size below the critical size of
the mono-domain transition ensures the elimination of
the domain wall [16,17] (the domain wall structure of
V8Bi8 is provided in Fig. S5 in the ESM).

This work was supported by the National Natural Science
Foundation of China (Nos. 52002103 and 52027802), the
Fundamental Research Funds for the Provincial Universities
of Zhejiang (GK209907299001-022), and the Key Research
and Development Program of Zhejiang Province (Nos.
2020C01008, 2021C01023, 2021C01192, and 2021C01193).
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Supplementary material is available in the online version
of this article at https://doi.org/10.1007/s40145-022-0585-3.

Conclusions

In summary, NiCuZn ferrite ceramics capable of
operating effectively at 10 MHz were achieved by
optimizing the grain boundaries with V2O5 and Bi2O3
co-doping. Meanwhile, the synergetic effects on
microstructures as well as the magnetic properties were
demonstrated with the following conclusions: (1) An
unprecedentedly reported multilayer grain boundary
structure composed of the nanoscale Bi2Fe4O9 phase
and amorphous Ca/V/Si/O phase is formed via V2O5
and Bi2O3 co-doping. (2) The uniform microstructure
generated in the sintering process is attributed to this
unique grain boundary microstructure. (3) Excellent
magnetic properties are specifically associated with the
composition by optimizing the grain boundary structure.
In particular, the addition of 800 ppm V2O5 and 800 ppm
Bi2O3 results in the optimal magnetic properties with
the lowest Pcv of 113 kW/m3 (10 MHz, 5 mT, 25 ℃), μi
of 89, and Bs of 340 mT, which confers splendid
performance relative to the previous literature and
commercial products, and thus has great potential for
large-scale industrial applications.
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